We have investigated the in vitro effects of ouabain and K-free solutions on some pharmacological and electrophysiological properties of rat mesenteric resistance vessels (internal diameter ~190 /jm). Vessels were mounted as ring preparations on a myograph capable of measuring their isometric wall tension. In normal saline solutions, vessels did not exhibit any tone and had a membrane potential of -54 mV. Both 1 miu ouabain and K-free solutions caused a transient depolarization of 5-8 mV; thereafter the membrane slowly depolarized to about -45 mV after 30 minutes. There was no mechanical response to ouabain, but K-free solutions caused a transient development of tension which could be inhibited by phentolamine (1 /XM). In norepinephrineactivated vessels, exposure to ouabain or K-free solutions caused a small depolarization and an increase in tension. Long-term (30-minute) exposure to 1 mM ouabain or K-free solutions reduced the amplitude of norepinephrine responses and, for the lower (but not the higher) norepinephrine concentrations, the membranes were about 15 mV more depolarized than control. The mechanical responses to a cocktail of norepinephrine in a high potassium solution were, however, unaffected. Re-exposure to normal saline solution produced a transient hyperpolarization and transiently eliminated the norepinephrine response, but thereafter the membrane potential and response returned to normal. The results indicate that ouabain and K-free solutions can have both short-term potentiating and long-term depressive effects on the mechanical response of rat mesenteric resistance vessels to norepinephrine. (Circ Res 51: 514-524, 1982) 
INHIBITION of the Na,K-ATPase inactivates the sodium pump and thus reduces active sodium extrusion (Skou, 1965) . The intracellular sodium and potassium concentrations will, respectively, rise and fall and the membrane will gradually depolarize (Casteels et al., 1971) . Furthermore, in some vascular smooth muscle tissues, at least, Na,K-ATPase inhibitors cause an immediate depolarization probably because the sodium pump is electrogenic (Hendrickx and Casteels, 1974) .
Cardiac glycosides, which inhibit the Na,K-ATPase (Lee and Klaus, 1971) , cause in both man (Mason and Braunwald, 1964) and dog (Vatner et al., 1971 ) an increase in peripheral resistance. This effect is in part neurogenic (Gillis and Quest, 1980) , but in vitro studies on perfused vascular beds (Lang and Blaustein, 1980) and isolated vessels (Tsuru and Shigei, 1976; Ozaki et al., 1978; Mikkelsen et al., 1979; Toda, 1980) indicate that myogenic mechanisms may also be involved. There is therefore a growing body of opinion that the Na,K-ATPase activity exerts an important influence on peripheral resistance (Fleming, 1980) . Indeed, in certain pathological states, such as volumeexpanded hypertension, it has been proposed (Haddy et al., 1978) that the increased peripheral resistance is a direct consequence of a decreased membrane potential resulting from a decreased Na,K-ATPase activity.
It is thus of some importance to investigate the effects of Na,K-ATPase inhibition in those vessels which control peripheral resistance: the small arteries and arterioles. The in vitro results from isolated vessels quoted above were obtained from large vessels such as aorta or conduit arteries. We have therefore investigated the effects of procedures which should inhibit the Na,K-ATPase in ca. 200-jum vessels, vessels that are small enough to play a role in the cardiovascular control system (Folkow et al., 1977) . These vessels were mounted as ring preparations on a myograph (Mulvany and Halpern, 1976) , and microelectrodes were also used to obtain intracellular measurements of membrane potential. The procedures used to inhibit the Na,Ka-ATPase were either solutions containing 1 mM ouabain (Detweiler, 1967; Wei et al., 1976) or potassium-free solutions (Thomas, 1972) .
Methods

Preparation and Myograph
Segments (ca. 1.5 mm long) of mesenteric resistance vessels, internal diameter ca. 200 \im, were taken from the mesenteric bed of 6-to 20-week-old Wistar-Kyoto rats (one vessel per rat) and mounted on a myograph as a ring preparation Halpern, 1976, 1977) . In some experiments, where indicated, the rats had been denervated from birth, by injection with 0.1 mg/g 6-hydroxydopamine every 2nd day from birth to age 3 weeks (Thoenen and Tranzer, 1968) . The effectiveness of the sympathectomy 515 was assessed from fluorescence microscopic examination of the vessels (Lindvall and Bjorklund, 1974) , which showed an absence of adrenergic innervation in the vessels. Vessels were set to an internal circumference Li = 0.9 Lioo, where Lioo is an estimate, based on the resting tension-internal circumference characteristic, of the internal circumference the vessels would have had in situ when relaxed and under a transmural pressure of 100 mm Hg (Mulvany and Halpern, 1977) . Li is close to the internal circumference at which vessels develop their maximum active wall tension (Mulvany and Warshaw, 1979) . In a few experiments, where specifically stated, thoracic aorta segments were taken from the rats and used instead. The scales of the mechanical records shown in the figures are expressed in terms of the force measured by the myograph force transducer. Average mechanical responses are expressed either (1) as "active wall tension" (Mulvany and Halpern, 1977) , i.e., the increase in force measured by the transducer upon stimulation divided by wall length (= twice segment length), or (2) as fractions of the standard responses indicated.
Solutions
For the electrophysiological experiments, solutions were continuously circulated through the myograph chamber (volume 5 ml) at 10 ml/min by means of a peristaltic pump. The solution reservoirs were gassed with 5% CO2 in O 2 . In the other experiments, solutions were changed by draining the chamber and filling again with the new solution, the chamber here being directly oxygenated. Solutions were maintained at 37°C. Vessels were normally exposed to a physiological salt solution (PSS) having composition (in miu): NaCl, 119; KG, 4.7; NaHCO.3, 25; CaCl 2 , 2.5; KH 2 PO 4 , 1.18; MgSO 4 , 1.17; ethylenediamenetetraacetic acid (EDTA), 0.026; glucose, 5.5. The pH was 7.4. Low-bicarbonate PSS: same as PSS, but with 10 HIM NaHCC>3 and adjusted to pH 7.2 with NaOH. This solution was used in calcium dose-response experiments and the CaCl 2 content was varied. The calcium concentrations given are those of the CaCl 2 added, but in experiments where the concentrations were checked using a calcium ion electrode, the nominal values were found to be approximately correct. Ca-free PSS: as PSS, but without CaCl2 and with 0.1 mM ethylene-glycol-bis-(/?-aminoethylether)-N,N'-tetraacetic acid (EGTA). K-free PSS: as PSS, but with NaCl and NaH 2 PO 4 substituted for KC1 and KH2PO4 on an equimolar basis. Control activating solution (NE-K): as PSS, but with KC1 substituted for NaCl on an equimolar basis and containing 10 /IM /-norepinephrine (Sigma); this solution produces maximal response of vessels (Mulvany and Warshaw, 1979) , denoted here AT O .
In most cases, as indicated below, to eliminate the possibility that the effects seen were due to altered uptake of norepinephrine in nerve terminals, norepinephrine activations were performed in the presence of cocaine (3 fiM, May and Baker), which is a potent inhibitor of this uptake (de la Lande et al., 1967) . Although cocaine is reported to have postsynaptic effects in larger vessels (e.g.. Maxwell et al., 1966) this does not seem to be the case in the resistance vessels studied here: cocaine has no effect on the norepinephrine sensitivity of such vessels taken from denervated rats (Mulvany et al., 1980a) ; as shown below, cocaine in the concentrations used, does not affect the membrane potential. Cocaine was not used in the norepinephrine-activated calcium dose response determinations.
Other drugs used were ouabain (Merck) and phentolamine (CIBA).
Electrophysiology
Intracellular recordings of membrane potential were obtained using glass (Hilgenberg 17R, 1.0 mm o.d.) microelectrodes prepared on a horizontal puller (kindly built for us in the laboratory of Dr. R. Casteels, University of Louvain, Belgium). Measurements of potential and electrode resistance were made using a micro-probe system (type 707, W-P Instruments); the electrode resistance was monitored continuously throughout recordings. The microelectrodes were supported vertically on a Leitz micromanipulator and lowered to permit penetration of the cells in the upper wall of the vessel which was held horizontally on the myograph. We found that electrodes with resistance of 100-180 MJ2 were flexible enough (Hirst, 1977) to allow simultaneous measurements of membrane potential and isometric wall tension, even during activation of the vessels, and such electrodes have been used throughout. The criteria for acceptance of membrane potential recordings were: (1) the change in potential upon penetration should be abrupt with little subsequent creep; (2) the electrode resistance should remain constant throughout penetration; (3) upon retraction, the electrode resistance should not change by more than about 10% (15 MS2); (4) as far as possible, electrodes should be kept implanted in the same cell during the various manipulations; penetrations lasting less than 1 minute were discarded. By observing these criteria, we believe that we have minimized the artifacts which can easily arise when using high resistance microelectrodes (see Hermsmeyer, 1977) .
Statistics
Average values are given as mean ± SE (number of vessels). Differences were tested for significance using the 2-tail f-test.
Results
Pharmacological Effects of Ouabain and K-Free Solution
The rat mesenteric resistance vessels exhibited no tone when exposed to PSS; that is, the tension did not change if the bathing solution was changed to Ca-free PSS. In 10 experiments, exposure of vessels to 1 mM ouabain for a period of at least 3 hours did not affect their wall tension, either. By contrast, exposure of vessels to K-free solution caused a transitory tension increase, reaching a maximum after about 20 minutes [equal to 0.5 ± 0.2 AT O (5) where AT O is the response to control activating solution (see Methods)] and thereafter declining to zero after a further 20 minutes. The K-free response could be eliminated by 1 / XM phentolamine (five vessels). These findings are illustrated in Figure 1 , which also shows the responses of control aortic rings. In six such experiments, while the mesenteric resistance vessels showed no maintained response to either ouabain or K-free solution, the aortic rings produced maximal contractions over the 3-hour test period, addition of phentolamine having little effect, if any, on the ouabain contraction but reducing the K-free contractions by up to 40%.
For activated mesenteric resistance vessels, ouabain and K-free solution had both potentiating and depressive effects. This is illustrated by the experiment shown in Figure 2a . Here, vessels were repetitively stimulated for 3 minutes and relaxed for 5 minutes, every 8 minutes. The activating solution was a submaximal concentration of norepinephrine (1 [IM) in the presence of cocaine (3 JUM), and the relaxing solution was PSS. The responses to norepinephrine consisted of an initial fast component and a slower tonic component. After about 1 hour of such repetitive stimulation, when the responses were approximately constant, ouabain (1 mM) was included in both the activating and the relaxing solutions. At first, this caused a potentiation of the norepinephrine responses, but thereafter the tonic portion of the responses declined over a period of 30 minutes to a level about 40% below the original level and thereafter remained approximately constant for the following 90 minutes. The initial phase of the responses was little affected. Ouabain was then again excluded from the activating and relaxing solutions. This caused, at first, a further decline in the responses (in particular the tonic portion which fell close to zero) for a period of about 20 minutes, whereafter the responses recovered reaching a level in excess of the original level after a further 30 minutes.
The average results of similar experiments are shown in Figure 2b , which shows plots of the average tonic tension responses during the course of the experiments. Also shown are the average responses in a control experiment in which the vessel was just repetitively stimulated with norepinephrine for the entire course of the experiment without exposure to ouabain: here the responses tended to increase steadily with time. Figure 2 , c and d, shows plots of the time courses of similar experiments, but where the ouabain concentrations were only 0.1 min and 0.01 mM, respectively. The responses in the 0.1 mM ouabain experiments were qualitatively similar to those of the 1 mM ouabain experiments, but the rate of decline of the responses after the addition of ouabain was slower. In the 0.01 mM ouabain experiments, no decline in responses was seen, but there was a transitory potentiation of the responses upon addition of ouabain, and a transitory depression of the responses upon exclusion of ouabain. Figure 2e shows the average results of the same type of experiments in which K-free solutions were used instead of the ouabain solutions: the responses are seen to be in general similar to those obtained in the 1 mM ouabain experiments, although, in each of the four experiments, the third and fourth responses after exposure to K-free solutions were greater than those seen in the 1 mM ouabain experiments.
Electrophysiological Effects of Ouabain and K-Free Solution in Resting Rat Mesenteric Resistance Vessels
Typical records of electrophysiological effects of ouabain on resting vessels are shown in Figure 3 . Before exposure to ouabain, vessels had a membrane potential of -54 ± 1 mV (13). Ouabain (1 mM) caused a transitory depolarization (amplitude 7.6 ± 1.0 mV, P < 0.001, see Fig. 3a ) followed by a slow depolarization such that the membrane potential after 30 minutes of exposure was -45 ± 2 mV (13), and after 70 minutes of exposure was -34 ± 5 mV (8). Upon washout of ouabain, the membrane repolarized (P < 0.001) within 5 minutes by -23 ± 3 mV (8) to -57 ± 2 mV (8) (see Fig. 3b ). Thereafter, vessels depolarized slowly to about -45 mV. Similar electrophysiological effects were seen when vessels were exposed to K-free solution: there was a transient depolarization (P < 0.01) of 4.8 ± 0.9 mV (5) on exposure to K-free solution (see Fig. 3c ) and, thereafter, a gradual depolarization to -36 ± 4(3) mV after 30 minutes; reintroduction of potassium then caused a repolarization of -25 ± 3 mV (2). As also shown in Figure 3c , addition of ouabain following exposure to K-free solution had no immediate effect. In seven further experiments, ouabain was found to produce immediate depolarization of 5.7 ± 0.9 mV also in the presence of 1 M M phentolamine.
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Acute Effects of Ouabain and K-Free Solution on Activated Rat Mesenteric Resistance Vessels
The response of vessels which were submaximally activated with norepinephrine (plus 3 JUM cocaine) were potentiated if the norepinephrine solutions were changed to similar solutions containing 1 mM ouabain ( Fig. 4a ) or to similar solutions which were K-free ( Fig. 4b) .
To check the possibility that the potentiation could be due to neuronal release of norepinephrine, similar experiments were done using vessels taken from rats that had been chemically sympathectomized (see Methods). Also in these vessels, the addition of 1 miu ouabain to the norepinephrine solutions caused a potentiation of the responses (Fig. 4c ). The corresponding membrane potential responses were also investigated. In these experiments, exposure of submaximally activated vessels to 1 mM ouabain ( Fig. 5a ) caused an increase in wall tension after 5 minutes of 0.14 ± 0.05 AT O (5) and a simultaneous depolarization (P < 0.01) of 6.2 ± 1.2 mV (5). If, instead, potassium was withdrawn from the norepinephrine-activated solutions ( Fig. 5b ), there was a tension increase of 0.13 ± 0.05 ATo (3) and a depolarization of 4.0 ± 1.5 mV (3).
In experiments in which cocaine was not included in the norepinephrine activating solutions, wall tension increases in response to 1 mM ouabain of 0.23 ± 0.02 ATo (9) and membrane depolarizations of 6.9 ± 1.1 mV (9) were observed. Figure 6a shows norepinephrine dose-response records (performed in the presence of 3 j UM cocaine) for a vessel first under control conditions, and then in the presence of 1 mM ouabain after it had been exposed to 1 mM ouabain for 1 hour. The effect of ouabain is seen to be a reduction both in the maximum responses and in the sensitivity to norepinephrine (i.e., a larger norepinephrine dose is required to produce half-maximal response). Figure 6b shows average dose-response characteristics of vessels before and after exposure to ouabain. The norepinephrine concentration for half maximum response (NE-ED50) before exposure to ouabain was 0.98 ± 0.22 JUM (5). After exposure to ouabain, the norepinephrine sensitivity was decreased [NE-EDso = 2.23 ± 0.20 JUM (5) (P < 0.001)] and the maximum response was reduced by 54 ± 5% (5) (P < 0.001). Note, however, that the response to control activating solution, measured on completion of the dose-response determination, was unaffected by the ouabain treatment. Similar results, but more marked, were obtained using K-free solutions instead of ouabain (Fig. 6c) .
Long-term Effects of Ouabain and K-Free Solution on Activated Rat Mesenteric Resistance Vessels
In further experiments, membrane potential measurements were made during norepinephrine doseresponse determinations, both under control conditions and after exposure to ouabain for 30 minutes (Fig. 7) . After exposure to ouabain, at the lower norepinephrine concentrations, the membrane was depolarized relative to the corresponding membrane potentials under control conditions. With maximum stimulation, norepinephrine caused a depolarization to about -30 mV both before and after exposure to ouabain. As before (Fig. 6a ), ouabain exposure caused depression of the responses at all norepinephrine concentrations, so that for any given tension level, the membrane potential was depolarized after ouabain exposure. Like the experiments shown in Figure 6 , these experiments were done in the presence of 3 j UM cocaine (see Methods), but note that addition of cocaine to the suffusate had no effect on either the membrane potential or the tension (Fig. 7) . 
Long-Term Effect of Ouabain on Ca Sensitivity of Rat Mesenteric Resistance Vessels
Finally, we have investigated the long-term effect of ouabain on the Ca sensitivity of vessels when activated with 10 /JM norepinephrine. In these exper-iments a low-bicarbonate buffer was used to permit Ca concentrations up to 20 mM to be investigated (see Methods). The protocol used is illustrated in the records shown in Figure 8a and the average characteristics in Figure 8b . Note that, as in the experiment described in Figure 2a , the effect of long-term expo- sure to ouabain is in general to reduce the tonic part of the responses to norepinephrine, but not the initial part which in general was potentiated. However, at the lowest calcium concentrations (nominal 0.025 and 0.05 mM), the tonic part of the norepinephrine responses was also potentiated by the long-term ouabain treatment. Under control conditions, maximum responses were obtained with calcium concentrations of 3.3 mM. After exposure to ouabain, the maximum responses were obtained with a calcium concentration of 13 mM. Note, too, as shown in Figure 8a , that the response to control activating solution was unaffected by the ouabain treatment, and that the depressive effects of ouabain treatment were reversible.
Discussion
The main results of this investigation are that ouabain and K-free solutions did not cause myogenic tension development in resting rat mesenteric vessels, but caused a transient depolarization followed by a gradually developing prolonged depolarization. In activated vessels, ouabain and K-free solutions caused an immediate potentiation of the response and depolarization, but long-term exposure caused a reduction of responses, even though the membrane was depolarized.
Resting Vessels
As indicated in the introduction, there is abundant evidence that procedures which should inhibit vascular Na,K-ATPase (e.g., exposure to ouabain or Kfree solutions) cause an increase in peripheral resistance in vivo as well as a myogenic contraction of isolated large arteries in vitro fas in the aortic rings studied in this investigation (Fig. 1) ]. Two mechanisms have been proposed to explain these myogenic effects of ouabain and K-free solutions: first, that ouabain and K-free solutions, by inhibiting the Na,K-ATPase (sodium pump), cause an increase in the intracellular sodium concentration and, thereby, increased calcium influx through a Na,Ca-exchange mechanism (see, e.g., Blaustein, 1977) , similar to that demonstrated in nerve (Baker et al., 1969) and in cardiac muscle (Reuter and Seitz, 1968) ; second, that ouabain and K-free solutions cause supersensitivity through their depolarizing effect (Gerthoffer et al., 1979) , the depolarizing effect being in part due to the supposed "electrogenicity" of the sodium pump (see Fleming, 1980) , and in part to the change in resting membrane potential which results from the altered intracellular ion concentrations following inhibition of sodium extrusion and potassium uptake (Casteels et al., 1971b) . In the resistance vessels studied here, ouabain and K-free solutions caused both a transient depolarization and a long-term maintained depolarization. Also, we now have evidence (Aalkjaer and Mulvany, 1982) that ouabain causes an increase in their intracellular sodium content. Consequently, it seems that the mechanisms that have been proposed for the ouabain and K-free solution contraction of large vessels do not obtain in these small vessels, at least under resting conditions. It may therefore be asked, what is the mechanism which causes ouabain and K-free solution vasoconstriction in the denervated perfused preparation of Lang and Blaustein (1980) ? Two points should be made. First, the records which Lang and Blaustein published show only part of the ouabain and K-free responses (about the first 4 minutes), and the re- . Effect of long-term exposure to ouabain on norepinephrine-activated calcium dose-response characteristics of rat mesenteric resistance vessels, a: dose-response records under control conditions (top record), in presence of 1 mM ouabain after exposure to 1 mM ouabain for 30 minutes (center record) and 60 minutes after washout of ouabain (bottom record). Protocol used for calcium dose-response determinations was as in Mulvany and Nyborg (1980) , except that low-bicarbonate PSS was used so that calcium concentrations up to 20 n\M could be investigated. Prior to doseresponse determinations, vessels were depleted of available activator calcium by stimulating 3 times with 10 )IM norepinephrine in calcium-free solution. Vessel was then again repeatedly stimulated with 10 fiM norepinephrine (dotted bars) for 2 minutes at 4-minute intervals, the calcium concentration being progressively increased in each succeeding interval as indicated in upper row of numbers. Note that, in the first control dose-response determination, the highest calcium concentration used was 3.3 mM. After the stimulation with the highest concentration of calcium, the vessel was washed in PSS for 2 minutes and then stimulated with control activating solution (NE-K, filled bar, see Methods) for 2 minutes and then again washed in PSS. Vessel-normalized internal diameter was 191 fim; segment length was 1.68 mm. b: characteristics of four vessels obtained in experiments similar to those shown in a, the ordinate values being the active wall tension (see legend to Fig. 4 ) measured 2 minutes after exposure to the norepinephrine solutions. sponses may therefore correspond to the small, transient, ouabain-induced response which we saw previously in rat femoral resistance vessels (Nilsson and Mulvany, 1981) . Second, the perfusate which Lang and Blaustein used contained dog erythrocytes (to increase the perfusate's oxygen tension). However, as they show, the addition of the erythrocytes (plus presumably some residual plasma) caused itself a small increase in perfusion pressure, indicating that the vasculature was no longer resting. Therefore, the apparent discrepancy between our and Lang and Blaustein's results may be due to the fact that our vessels were not activated in the saline solution used (PSS), despite vigorous oxygenation in the test chamber, whereas Lang and Blaustein's preparation had a small induced tone prior to the ouabain or K-free solution exposure.
Electrogenic Component of Resting Membrane Potential
The depolarization seen in our vessels with ouabain and with K-free solution (5-8 mV) is similar to the effects of these agents seen in guinea pig superior mesenteric artery [8 mV (Harder and Sperelakis, 1978) ], rabbit ear and pulmonary artery [7 mV (Hendrickx and Casteels, 1974; Casteels et al., 1977) ] and in rabbit saphenous vein [6 mV (Abel et al., 1978) ]. That it was not inhibitable by phentolamine indicates that it was not due to ouabain causing release of neural norepinephrine. Also, in agreement with our findings, a number of authors have reported that reintroduction of potassium after exposure to K-free solution causes a rapid re-(or hyper-) polarization of the membrane (Hendrickx and Casteels, 1974; Reiner, 1978; Fleming, 1980) . To our knowledge, however, the rapid repolarization which we see following washout of ouabain has not been reported previously.
The initial depolarization caused by ouabain or Kfree solution has been attributed (see Fleming, 1980) to the sodium pump being electrogenic. With a pumping ratio of 3 Na + for 2 K + , Thomas (1972) has calculated that the sodium pump can contribute an "electrogenic potential" of up to 10 mV, under steady state conditions, providing that the effects of passive chloride movement are ignored, i.e., assuming that the passive chloride permeability of the membrane is very low. If account is taken of this permeability [in rabbit pulmonary artery, at least, it is comparable to K permeability (Casteels et al., 1977) ], it can be shown that the calculated electrogenic potential will be somewhat reduced. Nevertheless, the depolarization seen here following exposure to ouabain or K-free solution is, as elsewhere, compatible with it being due to the sodium pump being electrogenic. Likewise, the rapid repolarization of the membrane after washout of ouabain or reintroduction of potassium is consistent with it being due to a hyperactivity of the sodium pump producing a greater than normal electrogenic potential (Hendrickx and Casteels, 1974; Reiner, 1978) . The possiblity that these potential changes may also be influenced by permeability changes should not, however, be ignored.
Immediate Potentiating Effects of Ouabain and K-Free Solution in Activated Vessels
The acute effect in activated vessels of ouabain or potassium withdrawal is a potentiation of the re-sponse. Thus, in the perfused rat hindquarter preparation, Gothberg et al. (1980) found that the response to norepinephrine was enhanced by 0.1 mil ouabain. Lang and Blaustein (1980) , using their similar, but denervated, preparation, saw a potentiation of the norepinephrine response with potassium withdrawal. The norepinephrine responses of dog saphenous veins are potentiated by acetylstrophanthidin (Brender et al., 1970) , and Karaki et al. (1978) showed in isolated preparations that ouabain potentiated norepinephrine responses of guinea pig and rabbit aorta. In cat pial arteries, potassium withdrawal also potentiates norepinephrine responses (Kuschinsky and Wahl, 1976) . Although part of this potentiating effect could be due to neural norepinephrine release, the enhancing effects of ouabain have generally been attributed to the depolarizing effects of Na,K-ATPase inhibition discussed above. The evidence showing a close association between the extent of depolarization and the increased sensitivity in various smooth muscle tissues has been reviewed recently by Fleming (1980) .
Our experiments with rat resistance vessels support this view. The finding that ouabain potentiates the norepinephrine response of preparations from both normal and denervated rats indicates that the effect seen in these vessels is not due to the neural release of norepinephrine. Furthermore, we have established that addition of ouabain to a norephinephrine-activated vessel caused a simultaneous development of tension and depolarization. The ouabain-induced tension response may therefore be due to the depolarizing action of ouabain.
Depressive Effects of Long Term Exposure to Ouabain and K-Free Solution
The long-term effects of ouabain and K-free solutions appear to vary qualitatively between smooth muscle tissues. In rabbit anterior mesenteric vein, Matthews and Sutter (1967) have shown that 0.01 mM ouabain completely depolarizes the cells within 60 minutes, yet causes potentiation of the norepinephrine response even after 165 minutes of exposure to ouabain. By contrast, de Mey and Vanhoutte (1980) show that, whereas 2 fiM ouabain for 15 minutes enhances the norepinephrine response of canine femoral arteries, exposure to 0.01 mM ouabain or K-free solutions for 20 minutes decreases the norepinephrine response by about 50%.
In our resistance vessels, prolonged exposure to ouabain or to K-free solutions tended to potentiate the initial fast phase of the norepinehrine responses, but reduced by up to 60% the second tonic phase of the responses. The initial fast phase in most smooth muscle is attributed to release of calcium bound to the plasma membrane or sequestered in intracellular stores, while the tonic phase is attributed to influx of extracellular calcium (see, e.g., Deth and Van Breemen, 1974) . Therefore, long-term exposure to ouabain or K-free solution did not appear to affect the quantity of bound or stored calcium or the ability of norepinephrine to release it. The cause of the decreased Circulation Research/ Vol. 51, No. 4, October 1982 tonic response to norepinephrine following prolonged exposure to ouabain or K-free solution is not clear. The depression did not appear to be the result of a direct action on the contractile apparatus, for the responses to "control activating solution" were not depressed by ouabain treatment (Figs. 6, 8) . It did not seem to be a function of membrane potential either: after 30 minutes of exposure to ouabain, the membrane was depolarized (to about -40 mV), and such depolarization might otherwise be expected to potentiate the norepinephrine response (Fleming, 1980) . It also seems unlikely that the depressive effects were a direct result of inhibited Na,K-ATPase: the depressive effects were first fully seen after about 30 minutes, while the rapidity of the depolarization seen on exposure to these agents suggest that they inhibited Na,K-ATPase activity rather quickly. Furthermore, since recent experiments (Korsgaard, 1981) show that the depression of the responses following ouabain exposure is unaffected if vessels are exposed for 30 minutes to sodium-free solutions, it does not seem that the long-term depressive effects are due to the raised intracellular sodium.
Clues to why ouabain exposure decreased the tonic response may be obtained from the effects of ouabain and K-free solution on the calcium dose-response relationship. Here, as we saw previously (Nilsson and Mulvany, 1981) , with maximal norepinephrine activation, the calcium dose-response was both shifted to the left and had its maximum depressed following long-term exposure to ouabain (Fig. 8) . A similar alteration has been seen following exposure to K-free solution (Mulvany et al., 1980b; Korsgaard, 1981) . This suggests that ouabain exposure had caused either a decrease in the effective permeability of the norepinephrine-activated calcium channels (Bolton, 1979) in the plasma membrane, or that the coupling between norepinephrine activation and opening of calcium channels had been weakened, or that the rate of calcium extrusion had been increased. The reasons for such possible changes remain to be determined.
The possible importance of these depressive effects is emphasized by the finding that the effects are reversible (Fig. 8) . Indeed, 1 hour after washout of ouabain or reintroduction of potassium, the responses tended to be enhanced (Fig. 2) , a phenomenon possibly related to our finding that, under such conditions, the membrane potential was depolarized relative to its initial value. The temporary depression of the responses immediately following washout of ouabain or reintroduction of potassium is likewise probably related to membrane potential changes (Bonaccorsi et al., 1977) , in that, here, the membranes tended to hyperpolarize (Fig. 3b ).
Conclusion
We may conclude that, whereas ouabain and Kfree solution have a short-term potentiating effect in rat mesenteric resistance vessels, the long-term effects are depressive. Whether these effects are due solely to Na,K-ATPase inhibition remains to be determined. The fact that both ouabain and K-free solutions have, in general, qualitatively similar effects suggests that Na,K-ATPase inhibition is at least involved, directly or indirectly. However, the quantitative differences seen suggest that other factors may also play a role. In any event, the results suggest that the consequences of interference with the sodium pump are complex, and that caution is required in attempting to explain the possible pathological consequences of defects in Na,K-ATPase activity. tivity of resistance vessels in spontaneously hypertensive rats. Hypertension 3: 691-697 Ozaki H, Karaki H, Urakawa N (1978) Possible role of Na-Ca exchange mechanism in the contractions induced in guinea pig aorta by potassium free solution and ouabain. Arch Pharmacol 304: 203-210 Reiner O (1978) The role of the electrogenic sodium pump in the potassium relaxation of the rabbit ear artery. Naunyn Schmiedebergs Arch Pharmacol 303: 213-220 Reuter H, Seitz N (1968) 
